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Abstract 17 
Female multiple mating (polyandry) is wide-spread across many animal taxa and indirect genetic 18 
benefits are a major evolutionary force favouring polyandry. An incentive for polyandry arises 19 
when multiple mating leads to sperm competition that disadvantages sperm from genetically 20 
inferior mates. A reduction in genetic quality is associated with costly selfish genetic elements 21 
(SGEs), and studies in invertebrates have shown that males bearing sex ratio distorting SGEs are 22 
worse sperm competitors than wild type males. We used a vertebrate model species to test 23 
whether females can avoid an autosomal SGE, the t haplotype, through polyandry. The t 24 
haplotype in house mice exhibits strong drive in t heterozygous males by affecting 25 
spermatogenesis and is associated with homozygous in utero lethality. We used controlled 26 
matings to test the effect of the t haplotype on sperm competitiveness. Regardless of mating 27 
order, t heterozygous males sired only 11% of zygotes when competing against wild type males, 28 
suggesting a very strong effect of the t haplotype on sperm quality. We provide the first 29 
substantial evidence that polyandry ameliorates the harmful effects of an autosomal SGE arising 30 
through genetic incompatibility. We discuss potential mechanisms in our study species and the 31 
broader implications for the benefits of polyandry. 32 
Key words: t haplotype, segregation distortion, polyandry, embryo viability, indirect benefits, 33 
genetic incompatibility 34 
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Introduction 37 
When females mate with multiple males, sperm from different males compete for fertilisation of 38 
the ova [1]. By inciting sperm competition, females may prolong male-male competition beyond 39 
pre-copulatory contest and bias fertilisation towards males of high quality or compatibility [2], 40 
with major effects on sexual behaviour, sex allocation, social networks, sexually transmitted 41 
infections, population viability and speciation [3]. Despite the many demonstrations of direct and 42 
indirect (genetic) benefits of polyandry [2], there is still no real consensus on why polyandry is 43 
so ubiquitous in nature. 44 
One possibly underappreciated benefit of polyandry is protection from costly selfish genetic 45 
elements (SGEs) driving through males [4]. SGEs are sequences that alter DNA replication in 46 
their own favour, increasing their representation in the subsequent generation (called drive or 47 
segregation distortion) at the cost of their homologous sequences and usually also of the rest of 48 
the genome [5]. SGEs that kill or interfere with gametes carrying the homologous gene or 49 
chromosome, called gamete killers [5], typically drive through males. This is presumably 50 
because male gametes are produced in excess so that destruction of gametes has a smaller effect 51 
on fertility in males than in females [6]. Driving elements can occur on sex chromosomes or on 52 
autosomes, but sex chromosome drive is expected to arise more easily than autosomal drive [7]. 53 
However, modifiers of sex chromosome drive are strongly selected for because mating with a 54 
driving male will result in a costly single sex brood [7]. Given the relative amount of information 55 
encoded on autosomes versus on sex chromosomes, more genomic regions may be available in 56 
which novel autosomal drivers can evolve. In addition, autosomal drive is much less likely to be 57 
detected because of the lack of sex biased broods [6]. Consequently, there has been a detection 58 
bias towards sex ratio distorting SGEs [6]. Indeed, autosomal drive has so far mainly been 59 
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studied in model systems, such as mice (t haplotype [8]), and Drosophila (Segregation Distorter 60 
[9]). Thus, autosomal drive through males may be more common than observed, but the relative 61 
importance of autosomal versus sex chromosomal drive on evolution within the genome remains 62 
unclear. As whole genome scans become increasingly common, more selfish genetic elements 63 
are likely to be identified [10]. 64 
Male drivers can be expected to incur fitness disadvantages. Male-driving autosomal SGE’s 65 
are associated with inferior genetic quality, the most extreme costs arising through recessive 66 
lethal mutations or sterility in homozygous carriers [11–13]. In heterozygous males, SGE bearing 67 
sperm harm their wild type bearing counterparts and ensure the SGE’s transmission to a large 68 
proportion of the offspring [5]. In SGE homozygous males however, sperm bearing homologous 69 
copies of the SGE can render each other dysfunctional, leading to strong fertility reduction or 70 
even sterility [14,15]. Despite strongly deleterious effects of reduced male fertility or 71 
homozygous lethality, autosomal SGEs can be maintained in populations through drive [16]. 72 
Females thus face the risk of mating with males of inferior genetic quality with negative effects 73 
on the number and genetic quality of their offspring. 74 
When the drive mechanism involves killing or harming sperm not carrying the SGE during 75 
spermatogenesis, polyandry can be an effective means of avoiding carriers of SGEs because as a 76 
direct consequence of drive, these males have fewer viable or functional sperm [11,17–19]. 77 
Indeed, reduced sperm competitiveness of males carrying SGEs has been reported in stalk-eyed 78 
flies and several Drosophila species [20–23]. Further support comes from studies reporting 79 
associations between female remating rate and sex ratio distorting chromosomes across wild 80 
populations of Drosophila and stalk-eyed flies [24–26]. Empirical evidence for the effect of 81 
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polyandry on autosomal SGEs is however very scarce [19]. Here, we investigated the influence 82 
of an autosomal SGE on postcopulatory sexual selection in a vertebrate. 83 
The t haplotype in house mice is a very intensively studied SGE [5]. Typically, t haplotypes 84 
are inherited by 90% of the offspring of male carriers (denoted as +/t) and by 50% of offspring of 85 
female carriers, but t/t offspring perish in utero due to recessive lethal mutations [27,28]. 86 
Immediate fitness costs associated with the t haplotype are thus related to genetic 87 
incompatibility: +/t females mated to +/t males have 40% smaller litters than when mated to +/+ 88 
males [28]. +/t females are predicted to avoid this strong cost of genetic incompatibility 89 
associated with fertilisation by +/t males. There is ample empirical evidence that sexually 90 
receptive +/t females prefer the odour and the proximity of +/+ males over +/t males [29]. 91 
However, +/+ females might also benefit from avoiding fertilisation by +/t males if the t 92 
haplotype also exhibits additive detrimental fitness effects, but the evidence so far is mixed (e.g. 93 
behavioural dominance: [30,31]). 94 
The basis for the t haplotype’s selfishness – arguably its main effect – is its impact on 95 
spermatogenesis. Drive in +/t males is due to an elaborate molecular mechanism resulting in 96 
abnormal flagellar function of + sperm, comparable to a “poison-antidote” system [32]. This is 97 
predicted to have an effect on sperm competitiveness of +/t males through a numerical reduction 98 
of functional sperm. To achieve a drive of 90%, most + sperm in a +/t male’s ejaculate are 99 
rendered dysfunctional, reducing the number of functional sperm by about 45%. Although +/t 100 
males have the same number of epididymal sperm as +/+ males, their sperm show reduced 101 
velocity and linearity and importantly, fewer sperm at the site of fertilisation (reviewed in [33]). 102 
In monogamous matings, fertility of +/t males tends to be lower than that of +/+ males [28,31]. 103 
Thus, +/t males likely ejaculate fewer functional sperm. However, the effect on the inter-104 
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ejaculate competitive ability of the remaining functional sperm remains unknown. Indications for 105 
reduced sperm competitive abilities of +/t males are restricted to few studies using very small 106 
sample sizes and which did not use controlled matings [34]. Assuming a fair raffle model where 107 
the number of functional sperm corresponds to the number of tickets bought in a lottery [35], the 108 
predicted paternity share of +/t males is about 35% due to the reduction in functional sperm 109 
numbers. 110 
Here, we used many experimental matings to investigate (i) sperm competitiveness of +/t 111 
males, (ii) fitness consequences for polyandrous females in the form of embryo viability and (iii) 112 
whether +/t and +/+ males invest differentially into sperm production. 113 
 114 
Materials and Methods 115 
Experimental animals 116 
We used 90 male and 140 female laboratory-born house mice (Mus musculus domesticus), F1 to 117 
F3 descendants from a free-living population of wild house mice in Switzerland [36]. At every 118 
generation, we introduce mice from the free-living population into our breeding colony. 119 
Laboratory conditions were a reversed 14:10 light dark cycle (lights on at 17:30) and a 120 
temperature of 22-24°C. Food (mouse and rat breeding diet, Provimi Kliba AG) and water were 121 
provided ad libitum, paper towels and cardboard served as enrichment and nest building material. 122 
Breeding pairs consisted of monogamously paired non-sibling +/+ males and +/t females, 123 
producing on average 50% +/t offspring. Offspring were weaned at 28 days after birth and kept 124 
in same sex sibling groups in Macrolon Type III cages (425 x 266 x 155 mm). We used +/t and 125 
+/+ males and females and diagnosed their t haplotype status before they entered the experiment. 126 
An ear punch taken at weaning was used for genotyping and individual marking. t haplotype 127 
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status was diagnosed by PCR [28,37]. Male mice were separated latest at the onset of aggression 128 
between brothers and kept individually in Macrolon Type II cages (180 x 240 x 140 mm). The 129 
experimenter was blind with respect to the mice’s t genotype during all procedures, including 130 
mating trials, female and male dissections, and video observations (see below). 131 
Sperm competition trials 132 
For our experimental matings, we followed a protocol modified after [38]. Details on mating 133 
design and paternity assignment are given in the Electronic Supplementary Material (ESM). 134 
Briefly, we conducted sperm competition trials using full brother pairs differing in t haplotype 135 
genotype by mating them to virgin +/+ and +/t females in cycling estrous. By using full brothers, 136 
we largely controlled for potential effects of genetic background and maternal environment on 137 
sperm competitiveness. We conducted up to four trials to balance mating order (as there is 1
st 
138 
male precedence in house mice [38]) and female t genotype. During mating trials, pairs were 139 
checked every 1-1.5 hours for copulatory plugs indicative of ejaculation [39]. Once a copulatory 140 
plug was detected, the female was added to the second male’s cage and checked every 30-60 141 
minutes until either a second copulatory plug was observed or until the beginning of the next 142 
dark phase. We confirmed and counted ejaculations using video recordings. To obtain unbiased 143 
estimates of paternity share (before t/t embryos are resorbed [28]), we sacrificed females 9 days 144 
(+/- 1 day) post coitum using gradual CO2 filling in their home cage and dissected females to 145 
retrieve implanted embryos. We scored 12 microsatellites spread across 10 autosomes and 146 
assigned paternity using CERVUS 3.0 [40]. 147 
Embryo viability 148 
To investigate fitness consequences for females, we assessed embryo viability based on 149 
developmental stage. At day 9, normal embryos have clearly visible somites and forelimb buds 150 
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begin to form (Theiler Stages 13 or 14 [41]). During dissection, we recorded the number of 151 
implantation sites and the development stage of individual embryos. Embryos with normal 152 
morphological appearance were classified as viable, whereas embryos with arrested development 153 
(i.e. Theiler Stage 10 or earlier) as well as resorbed embryos were classified as inviable. 154 
Male reproductive organs 155 
Since we could not measure ejaculate size directly, we investigated potential t haplotype 156 
associated differences in sperm production and storage by weighing testes and epididymides 157 
post-mortem. 158 
Statistical analyses 159 
Sample sizes available for statistical analyses are summarised in Table S1 of the ESM. Of the 160 
140 females used for mating trials, 95 mated after an average of two trials (range 1-12). 161 
Seventeen females did not become pregnant, 15 did not mate with the second male, and remating 162 
could not be unambiguously determined for a further six. Because of our focus on postcopulatory 163 
processes, trials without ejaculation by the second male were omitted from further analyses, 164 
except for analysis of the effect of +/t paternity share on embryo viability (see below). For 16 of 165 
the 57 remaining females, we were not able to unambiguously quantify the number of 166 
ejaculations. Thus, our final sample sizes were 41 females (320/329 embryos genotyped) for the 167 
effect of ejaculation number on paternity share and 57 females (440/453 embryos genotyped) for 168 
the other variables. 169 
All statistical analyses were performed in R, version 3.0.2 [42]. We analysed t paternity share 170 
with generalized linear mixed models (GLMMs), using the function glmer in lme4 [43]. The 171 
number of embryos sired by the +/t male was included as the dependent variable and the number 172 
of embryos genotyped for a given female as the binomial denominator. Mating order, female t 173 
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genotype, the relative difference in body weight between the competing males and the difference 174 
in the number of ejaculations of the +/t versus +/+ male were fitted as fixed effects with 175 
biologically relevant two-way-interactions. To avoid pseudo-replication, we included male pair 176 
as a random factor. We accounted for overdispersion by including an observation level random 177 
effect and compared models based on the Akaike information criterion corrected for small 178 
sample sizes (AICc) using the dredge function in MuMIn [44]. To get estimates and confidence 179 
intervals, we back-transformed best model estimates from the logit to the original scale. We 180 
obtained approximate 95% confidence intervals by multiplying Student’s t-values for our sample 181 
sizes by standard errors of the predicted values before back-transformation to the original scale 182 
[45]. 183 
The proportion of viable embryos was analysed in analogy to t paternity share, using 57 184 
polyandrous females (446/453 embryos classified for viability) and 15 monandrous females 185 
(122/124 embryos classified for viability). The delay between mating and dissection did not have 186 
an effect on embryo viability and was not included in subsequent models. To test for a benefit of 187 
a reduction in +/t paternity share on embryo viability, +/t male paternity share, the female’s 188 
genotype and an interaction between +/t male paternity share and female genotype were included 189 
as fixed effects. Female body weight was included as an additional fixed effect and male pair was 190 
included as a random effect. 191 
We analysed testes and epididymides weights with linear models (LM) and log-transformed 192 
organ and body weight to achieve normality of residuals. Full models included t genotype, body 193 
weight and its interaction as fixed effects. We selected the minimal adequate model using 194 
stepwise backwards model selection based on log-likelihood. 195 
 196 
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Results 197 
+/t paternity share 198 
Female t genotype was not retained during model selection for +/t paternity share analysis and 199 
females were hence pooled. In 57 trials of polyandrous females, +/t males sired only 57 of the 200 
440 embryos genotyped (12.9%). The GLMM including mating order and the relative weight 201 
difference between males performed best as indicated by the lowest AICc value. Here, mating 202 
order (z = -4.11, n = 55, P < 0.001) and body weight difference (z = 4.04, n = 55, P < 0.001) had 203 
significant effects on paternity share, but +/+ and +/t males did not differ in body weight 204 
(ANOVA, F1,74 = 0.12, p = 0.731). When mating first, +/t males sired 21.7% of the offspring as 205 
opposed to 4.7% when mating second. The model prediction for mean +/t male paternity share 206 
was 11.3% (approximate 95% CI 6.2–19.6%; left chart in Figure 1). This strongly differs from 207 
the null hypothesis of equal paternity share between +/t and +/+ males (dashed grey line in 208 
Figure 1; z = -4.33, n = 55, P < 0.001). Notably, the upper confidence level of the +/t paternity 209 
share was also well below the adjusted null hypothesis, predicted by the reduction in the number 210 
of functional sperm through drive. With 90% drive by the t allele (previously measured in [28]), 211 
the majority of + sperm are rendered dysfunctional and are not competitive against other males’ 212 
sperm (predicted +/t paternity share 35%, solid grey line in Figure 1). We obtained an estimate of 213 
male drive from 37 embryos sired by a +/t male mated to a +/+ female. 31/37 (84%) embryos 214 
paternally inherited the t haplotype, not significantly different from 90% (χ2 = 1.59, df = 1, p = 215 
0.208). In the reciprocal cross, 60/125 (48%) embryos maternally inherited the t, not different 216 
from Mendelian segregation (χ2 = 0.2, df = 1, p = 0.655). 217 
Ejaculation frequency 218 
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During video analysis, we found that males ejaculated twice between two cage checks in some of 219 
the trials. Thus, in our second model selection approach, we included only trials for which we 220 
knew the exact number of ejaculations by both males. The model including only the difference in 221 
number of ejaculations between competitors received strongest AICc support. An additional 222 
ejaculation by the +/t male enhanced his paternity share to 45% (right chart in Figure 1; GLMM: 223 
z = 3.895, n = 41, P < 0.001). In 11/41 trials the first male to mate ejaculated twice, whereas the 224 
second male ejaculated twice in only 1/41 trials. Thus, when accounting for the number of 225 
ejaculations, neither mating order nor body weight had a significant effect on paternity share. 226 
Ejaculation number was independent of male t status, with five +/t males and seven +/+ males 227 
ejaculating twice (Figure 1; χ2 = 0.05, df = 1, p = 0.818). 228 
Embryo viability 229 
The model best explaining embryo viability included the interaction between +/t male paternity 230 
share and female genotype as well as female body weight. Thus, the proportion of viable 231 
embryos was significantly influenced by the interaction between +/t paternity share and female 232 
genotype, i.e. +/t females had a lower proportion of viable embryos when +/t paternity share 233 
increased (top chart in Figure 2; GLMM: z = 3.59, n = 70, P < 0.001). Indeed, all 18 embryos 234 
that had the t/t genotype were inviable. In contrast, only 8/152 (5.3%) of the +/t embryos and 235 
15/373 (4.0%) of the +/+ embryos were inviable, respectively. Female body weight at the time of 236 
mating had a positive effect on embryo viability (GLMM: z = 2.38, n = 70, P = 0.017) but body 237 
weight did not differ between +/+ and +/t females (ANOVA, F1,68 = 0.035, p = 0.853) or between 238 
monandrous and polyandrous females (F1,68 = 0.71, p = 0.401). 239 
Male reproductive organs 240 
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Both testis and epididymis weight correlated positively with body weight, but there were no 241 
differences between +/+ and +/t males in body weight (see section +/t paternity share). 242 
Epididymis weight was slightly more strongly correlated to body weight (F1,74 = 3.99, p < 0.001, 243 
R
2 
= 0.12) than was testis weight (F1,74 = 2.93, p = 0.005, R
2 
= 0.10). Neither organ showed an 244 
association with t genotype (testes: F2,73 = -0.68, p = 0.502; epididymis: F2,73 = 0.32, p = 0.750). 245 
 246 
Discussion 247 
We show that the t haplotype in house mice is associated with a strong disadvantage in 248 
postcopulatory competition. +/t males sired dramatically fewer offspring than their +/+ brothers, 249 
regardless of mating order. This paternity share was significantly lower than the adjusted null 250 
hypothesis (35%), which accounts for the effect of drive on the number of functional sperm in a 251 
+/t male’s ejaculate. We further show that this severely reduced paternity share results in an 252 
immediate benefit for polyandrous +/t females by reducing costly t-associated genetically 253 
incompatible fertilisations. 254 
Postcopulatory competition 255 
In sperm competition against +/+ males, +/t males sired only 11% of a female’s implanted 256 
embryos. Notably, t paternity share was even lower than predicted from the number of functional 257 
sperm in a raffle model. If t haplotype drive is achieved by harming + sperm alone, then the 90% 258 
drive observed in our study population should reflect a decrease in the number of functional 259 
sperm by about 45%, providing an adjusted null hypothesis of about 35% t paternity share. The 260 
upper level of the approximate confidence interval (20%) was well below this prediction. This 261 
suggests that not only does drive harm + sperm [33], but also damages t sperm in +/t males. The 262 
“poison-antidote” mechanism favouring t sperm within a +/t male’s ejaculate (see [32] for 263 
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details) thus appears to be imperfect insofar as it results in a strong between-ejaculate 264 
disadvantage when a +/t ejaculate competes against +/+ ejaculate. Thus, the t haplotype’s 265 
“antidote” does not appear to provide full protection from the t haplotype’s own “poisonous” 266 
effect. Previous experimental evidence for a +/t male sperm competition disadvantage has been 267 
very scarce. Using artificial insemination of eight +/+ females with equal sperm numbers from 268 
+/+ and +/t males, Olds-Clarke and Peitz [34] inferred that the t haplotype was transmitted to 269 
22% (5/23) of the fetuses. This is a broad proxy of the +/t male’s paternity share, because 270 
assignment depended on the tailless phenotype (genotype T/t) traditionally used for t haplotype 271 
detection. Consequently, paternity could be assigned only to offspring that inherited the t from 272 
their father and the tailless mutation T (brachyury) from their mother. Thus, accurate phenotypic 273 
paternity estimation relied on strong male drive, Mendelian inheritance of T in females and 274 
random fusion of the t and T gametes. Given these limitations and the small sample size 275 
associated with a large standard error, the authors were unable to conclude whether +/t paternity 276 
success was lower than expected from drive (the adjusted null hypothesis). Other studies 277 
suggesting a sperm competition disadvantage for +/t males based their estimate of paternity share 278 
on low numbers of multiply sired litters [46,47]. Apart from being based on very few litters, 279 
these estimates are prone to a biased estimation of +/t male sperm competitiveness, as litters 280 
resulting from multiple mating but with exclusive paternity for one male would not have been 281 
included. In our mating trials, ejaculation by both males resulted in multiple paternity in only 282 
17/57 litters (29.8%) which is remarkably similar to estimates of multiple paternity from wild 283 
populations [28,48,49]. If we had only analysed multiply sired litters, we would have 284 
overestimated +/t paternity share by a factor of almost three at 31.5%. Using controlled matings, 285 
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we were able to overcome major limitations of previous studies and thus, we provide the first 286 
comprehensive estimate of +/t male disadvantage in postcopulatory competition. 287 
+/t male ejaculate features 288 
If sperm competition is the main explanation for the drastically reduced paternity share of +/t 289 
males, what sperm features might be causing this effect? While motile sperm from +/t males are 290 
hyperactivated sooner and show a faster initial rate of fertilisation in vitro, their velocity and 291 
linearity are reduced (reviewed in [33]). This results in a lower number of progressive sperm, 292 
reducing the number of sperm reaching the site of fertilisation in vivo [50]. These t-associated 293 
sperm motility features might relate to the paternity pattern found here. Our initial analysis 294 
suggested a first male benefit consistent with previous findings in mice [38]. However, closer 295 
inspection revealed that differences in the number of ejaculations between competing males were 296 
responsible for this order effect (see Figure 1). Thus, the absence of an order effect when 297 
accounting for the number of ejaculations was surprising. This suggests that +/t males ejaculate 298 
sperm that fail to benefit from the mating order typically favoured in this species (first male). 299 
As an alternative to intrinsic sperm motility differences between +/+ and +/t males, sperm 300 
viability and motility of +/t males may be influenced by the seminal fluids of wild type males in 301 
sperm competition. In the stalk-eyed fly Cyrtodiopsis whitei that harbours a sex chromosome 302 
driver, the seminal fluid of wild type males incapacitates sperm from drive males, strongly 303 
reducing their fertilisation success [51]. 304 
Ejaculate allocation and female choice 305 
Alternative explanations for the observed low paternity share other than intrinsic differences in 306 
sperm competitiveness between +/t and +/+ males are (i) differential sperm investment 307 
depending on male genotype and (ii) female choice.  308 
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(i) Males might employ different strategies for gaining paternity, such as differential 309 
investment into sperm production and differential ejaculate allocation. Here, the investigated 310 
organs involved in sperm production and sperm storage did not differ in size between +/+ and +/t 311 
males. This finding has to be interpreted with caution, as the intra-specific correlation between 312 
testis/epiddiymis weight and sperm production may be weak, and cryptic differences in testicular 313 
efficiency may remain undetected when looking at simple weight measurements [52]. However, 314 
in support of our findings, previous studies of congenic +/+ and +/t males consistently found no 315 
differences in the number of stored sperm [33]. The paternity outcome may also be attributed to 316 
differences in ejaculate allocation. Our finding that the number of ejaculations affects +/t male 317 
paternity share supports ejaculate allocation as a means by which males can affect the outcome of 318 
sperm competition. However, +/t males were not more likely to ejaculate twice than wild type 319 
males. In conclusion, given the strong effect of male genotype on paternity share and the 320 
significant effect of the number of ejaculations on paternity outcome, we deem it unlikely that 321 
comparably minor differences in sperm production or ejaculate investment are responsible for the 322 
low +/t paternity share in our experiment. 323 
(ii) Females are known to discriminate between males and to show pre-copulatory mating 324 
preferences [53]. In a series of experiments testing olfactory and social female preference, +/t 325 
females preferred +/+ males over +/t males, while +/+ females showed no preference [29]. A 326 
small paternity bias consistent with mate choice for genetic compatibility has also been found in 327 
a wild population [28]. A recent study where females had free access to a +/t and +/+ male found 328 
paternity share to be lower for +/t than +/+ males, but was unable to distinguish between pre- and 329 
postcopulatory processes [54]. Here, we measured the paternity outcome only when females 330 
received ejaculations by both males, thus the only avenue for female choice would be cryptic 331 
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[55]. In previous studies, transmission of the t haplotype was lower than expected in crosses in 332 
which +/t males were mated to +/t rather than +/+ females [28,56], possibly indicating that 333 
females may be able to select genetically compatible sperm for fertilisation. Although we cannot 334 
distinguish between sperm competition and cryptic female choice, we found no direct evidence 335 
for discrimination compatible with cryptic female choice for genetic compatibility, as female 336 
genotype did not affect the paternity outcome.  337 
Fitness consequences for females 338 
Due to strong male drive and t homozygote lethality, +/t females mated monandrously to +/t 339 
males have much smaller litters than +/t females mated to +/+ males because many offspring 340 
from the former mating cross have the lethal genotype t/t [31,64, this study]. Here, we confirm 341 
that early embryo lethality in +/t females is a direct consequence of t homozygosity, as all 342 
detected t/t embryos were inviable. The proportion of viable embryos decreased with +/t male 343 
paternity share in +/t females but not in +/+ females. This has important implications for +/t 344 
females. By mating with more than one male, females can increase the probability of fertilisation 345 
by a genetically compatible +/+ male. This appears to be a direct consequence of incompatible 346 
+/t males having a strong disadvantage in sperm competition. Lorch and Chao formally modelled 347 
selection for female multiple mating in the presence of fitness reducing mates [18]. They 348 
concluded that multiple mating is only favoured when female fitness is a concave-down function 349 
of the proportion of costly mates, i.e. females mating with a costly and a non-costly male have 350 
less than half their offspring sired by the costly male [18]. We show that the female fitness 351 
function is indeed strongly concave-down (Figure 2) and thus that female multiple mating can be 352 
selectively favoured by the presence of the t haplotype. Compared to randomly mating 353 
monandrous females with an average +/t paternity share of 50%, polyandrous females reduce the 354 
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+/t paternity share (to the left in Figure 2) with a positive effect on embryo viability (moving 355 
upwards in the top chart of Figure 2). When focusing on the immediate negative consequences as 356 
we did here, only +/t females benefit from polyandry. However, in natural populations, 357 
polyandrous +/+ females could also benefit from avoiding fertilisation by +/t males by avoiding 358 
maternal investment into sons that are bad sperm competitors [57]. Similarly, females that invest 359 
into +/t daughters that face a risk of reduced reproductive success through genetic incompatibility 360 
are likely to have lower long-term fitness. Thus, all females potentially benefit from avoiding +/t 361 
males, but the magnitude of this benefit will depend on the genotype specific benefits and the 362 
cost of polyandry [54]. 363 
Polyandry and the t frequency paradox 364 
The t frequency in natural populations is typically dramatically lower than predicted by theory 365 
(the t frequency paradox; for a review see [58]). As polyandry rates in natural house mouse 366 
populations are considerable [28,48,49], and females show high remating rates in the lab [59], 367 
our results strongly suggest that polyandry is likely to answer this long standing puzzle in 368 
evolutionary genetics. Using a high rate of polyandry and a low sperm competitiveness of +/t 369 
males, a modelling approach showed that polyandry alone could account for the t frequency 370 
decline observed in the wild population from which our mice were derived [47]. Polyandry might 371 
positively correlate with population density in wild populations, because females have more 372 
mating opportunities [49], which may account for the fact that t frequencies are typically much 373 
lower in large than in small populations [58]. 374 
SGEs and polyandry 375 
We found that an autosomal SGE has a strong impact on sperm competitiveness in house mice. 376 
Our results suggest that not only can polyandry prevent the spread of autosomal drive, but that 377 
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polyandry is so effective at preventing fertilisation by SGE bearing sperm, that even moderate 378 
costs to females associated with a driver could cause the evolution of increased polyandry. In 379 
modelling scenarios for sex-chromosome linked male drive, Holman and colleagues found that 380 
polyandry can evolve as an effective response to sperm competition disadvantaged drive if there 381 
are additional costs to drive homozygotes [60]. 382 
Our results are in agreement with findings in other species bearing SGEs driving through 383 
males. Sex chromosome drivers in several plant and invertebrate species are associated with 384 
reduced competitive ability of male gametes, with 20-40% paternity share when averaged across 385 
mating order [20–23,61,62]. Similar disadvantages in sperm competition have been found in 386 
studies investigating B chromosomes and cytoplasmic incompatibility inducing (CI) Wolbachia 387 
[63–65]. Moreover, in response to a sex ratio biasing SGE, Drosophila pseudoobscura 388 
populations evolved higher remating rates and shorter remating latency after only 10 generations 389 
of experimental evolution [66]. Here, we show that autosomal drive is associated with an 390 
extreme disadvantage in sperm competition in a mammal. Thus, our findings generalise the 391 
notion that male drivers cause a disadvantage in sperm competition [19]. 392 
Undetected autosomal drive that manipulates spermatogenesis could be common, and is likely 393 
to incur fitness costs [5,6]. If fitness costs of SGEs arise solely from genetic incompatibility, 394 
polyandry is not predicted to evolve even if SGE males have reduced sperm competitiveness 395 
[64]. This is because the frequency at which females encounter incompatible mates determines 396 
the benefit of polyandry, which cannot offset even mild costs of polyandry when SGE carriers 397 
are rare [4,64]. However, if male carriers of SGEs are costly to all females e.g. due to reduced 398 
fertility, polyandry can readily evolve if SGE carrying males are disadvantaged in sperm 399 
19 
 
competition [4,18]. Thus, it is possible that polyandry may have evolved, or may persist, in a 400 
wide range of species due to its benefits in resisting SGEs. 401 
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Figure Legends: 570 
 571 
Figure 1. Paternity share of +/t males in sperm competition with +/+ males. Shown are overall paternity 572 
share (left chart) and paternity share as a function of the number of ejaculations (right chart). The surface 573 
area of grey circles is proportional to the number of observations. Colours of circles represent mating 574 
order, with dark grey for trials in which the +/t male was first to mate. Mating order did not have a 575 
significant effect on paternity share when accounting for the number of ejaculations, and is included for 576 
illustrational purposes only. Squares and bars represent mean and approximate 95% confidence interval 577 
estimates. The grey dotted line shows equal paternity share for +/+ and +/t males and the grey solid line 578 
represents the prediction based on a numerical reduction in functional sperm through drive (see main 579 
text).  580 
 581 
Figure 2. +/t paternity share in polyandrous and monandrous females (bottom chart) and consequences 582 
for embryo viability (top chart). Monandrous females were mated to either a +/t or a +/+ male (+/t male 583 
paternity share 1 and 0, respectively), whereas polyandrous females mated with both a +/t and a +/+ 584 
male. Colours and shapes indicate female genotype (+/+ in lighter grey diamonds, +/t in darker grey 585 
circles; online version in colour). The surface area of diamonds and circles is proportional to the number 586 
of observations. Mean and approximate 95% confidence interval estimates are indicated by points and 587 
bars (bottom chart) and lines and shaded areas (top chart), respectively. 588 
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